In this article we report on a detailed analysis of the magnetic structures of the magnetic phases of the low temperature (lt-) phase of Mn 3 (VO 4 ) 2 (vMn 3 V 2 O 8 ) with a Kagomé staircase structure determined by means of powder neutron diffraction. Two magnetic transitions were found at ∼25 K (HT1 phase, Cmc'a') and ∼17 K (LT1 phase, Pmc'a'), in excellent agreement with previous reports. The LT1 phase is characterized by commensurate magnetic ordering of the magnetic moments on two magnetic sites of the Mn1a/b (2a + 2d ) and Mn2 (8i) ions of the nuclear structure (where for the latter site two different overall orientations of magnetic moments within the ab-plane (Mn2a and Mn2b) can be distinguished. This results in mainly antiferromagnetic interactions between edge-sharing Mn-octahedra within the Kagomé planes. 
Introduction
Manganese orthovanadate Mn 3 (VO 4 ) 2 (vMn 3 V 2 O 8 ) is known to crystallize in two modifications depending on temperature: an orthorhombic low temperature modification (lt-Mn 3 (VO 4 ) 2 , space group Cmce)
1-4 and a tetragonal high temperature modification (ht-Mn 3 (VO 4 ) 2 , space group I42d ). [4] [5] [6] ht-Mn 3 (VO 4 ) 2 was only discovered recently, and is stable at temperatures above ∼946°C. 4 Due to the reconstructive nature of the phase transition, the phase can be stabilized at ambient temperatures by quick cooling or partial substitution of Mn 2+ by the single valent alkali metals Li + or Na + . [4] [5] [6] The material was shown to order ferrimagnetically below 55 K, and the ferrimagnetic properties agree well with the magnetic structure determined by means of neutron diffraction. In contrast, the low temperature phase of Mn 3 (VO 4 ) 2 has been known for about 40 years. 3 In 2000, Wang et al. showed that lt-Mn 3 (VO 4 ) 2 can be prepared as a single crystal from a melt containing MoO 3 . 2 Clemens et al. recently described a facile route to prepare the material via a solid state reaction from MnO and V 2 O 5 , where special care needs to be taken on the grinding and heating procedure, in order to avoid reaction with oxygen. 4 The structure of lt-Mn 3 (VO 4 ) 2 is isotypic to Ni 3 (VO 4 ) 2 and Co 3 (VO 4 ) 2 7-12 and characterized as a layered Kagomé staircase lattice. This structural arrangement is well known for its spin frustration within the triangular like edge sharing coordination of MO 6 octahedra (M = Mn, Co, Ni). Ni 3 (VO 4 ) 2 and Co 3 (VO 4 ) 2 were extensively studied for their magnetic properties, with Ni 3 (VO 4 ) 2 even showing multiferroic properties. 7, 13, 14 The magnetic properties of lt-Mn 3 (VO 4 ) 2 were examined on a single crystal by Morosan et expected for antiferromagnetic alignment of the Mn ions on the two crystallographic sites within the Cmce space group (Mn1 and Mn2), being the 4a (Mn1, also referred to as crosstie site) and the 8e site (Mn2, also referred to as spine site). In this respect, Wang et al. assume that "the existence of two different occupancies for the Mn sites in this structure is the origin of the ferrimagnetic behaviour observed below T C ∼ 20 K". 2 In the article of Morosan et al., the authors state that neutron diffraction would be a valuable tool to determine the detailed nature of the different magnetic states found for Mn 3 (VO 4 ) 2 .
1 In this article, we report on a detailed examination of the structures of the magnetic phases of lt-Mn 3 (VO 4 ) 2 by means of a temperature dependent powder neutron diffraction study. We will give a detailed description of the exchange interactions arising between the Mn 2+ ions within the Kagomé planes, and will show that the determined structures are in excellent agreement with magnetisation measurements reported by Wang et al. 2 and Morosan et al. 1 Furthermore, the magnetic structure which was found for the LT1 phase represents a unique commensurate way to facilitate mainly antiferromagnetic interactions within a spin frustrated Kagomé staircase lattice. In the last part of the article we will discuss differences in the magnetic structures of Co 3 (VO 4 ) 2 and in Ni 3 (VO 4 ) 2 between the adjacent Kagomé layers, and we will derive a superexchange model to explain magnetic ordering between the adjacent Kagomé planes for lt-Mn 3 (VO 4 ) 2 (which will be called redox-mediated M-M′(d 0 )-M superexchange).
Experimental

Sample preparation
For the synthesis of lt-Mn 3 (VO 4 ) 2 , stoichiometric amounts of MnO (99%, Alfa Aesar) and V 2 O 5 (99.6+ %, Aldrich) were milled for 2 h in a planetary ball mill (Fritsch pulverisette 7) at a speed of 440 rpm. The as-received powder was pressed into a pellet and heated to 800°C for 15 h under dry flowing Ar of purity 4.6.
Neutron diffraction experiments
Neutron powder diffraction (NPD) data to determine the magnetic structure of lt-Mn 3 (VO 4 ) 2 were recorded at the Institute Laue-Langevin (Grenoble, France) in the temperature range between 3 and 40 K on the high intensity powder diffractometer D20. The samples were enclosed in a large thin-walled vanadium cylinder. For recording, the high resolution mode including a radial oscillating collimator was applied and an angular range of 3°≤ 2θ ≤ 150°(step width Δ2θ = 0.1°) was investigated. 
Refinement of the magnetic structure
Analysis of neutron diffraction data recorded on the D20 diffractometer was performed using TOPAS Academic V5 17, 18 in the angular range between 10°and 120°2θ. Reflection broadening was described by convolution of a VOIGT function with a modified pseudo Voigt function according to ThompsonCox-Hastings. 19 Full details on the analysis and determination of the magnetic structure will be provided in section 3.1.
Refinements of the nuclear structure
After determination of the principle magnetic structures, the nuclear structures were analysed again using TOPAS Academic V5 17, 18 in the angular range between 5 and 150°2θ recorded on the D2B diffractometer. Reflection broadening was described by convolution of a VOIGT function with a modified pseudo Voigt function according to Thompson-Cox-Hastings. 19 Positional parameters were refined for all atoms except for vanadium (for which the scattering length for neutrons is very low). Thermal parameters were refined independently, but the same types of atoms were constrained to the same value. Although the magnetic symmetry was shown to break the nuclear symmetry at lowest temperatures, no indications of peak splitting, misfit of intensity, etc. could be found and refinements within nuclear subgroups of Cmce did not give a significant improvement of the goodness of fit with insignificant shifts of the atoms from the positions being adopted within the Cmce symmetry. Therefore, all the nuclear structural data reported in this article refer to a nuclear symmetry of Cmce. At this point it is also worth mentioning that refining both, nuclear and magnetic structures at the same time did not result in significant changes of the magnetic moments as found for the data recorded on the D20 diffractometer.
DFT calculations
Density functional theory (DFT) calculations were performed using the real-space implementation of the GPAW code 20 in conjunction with the PBE 21, 22 exchange-correlation functional including Hubbard U corrections. 23 The transition metals are represented by projector-augmented wave setups that contain the outer 4s and 3d electrons as valence states. A grid-spacing of 0.18 Å and a Γ-centered 8 × 4 × 6 k-point mesh were used.
With these computational parameters, we estimate the numerical accuracy for energy differences to be below ±5 meV per formula unit (13 atoms) which is well below the mean physical accuracy of state-of-the-art DFT calculations. Starting from the experimental structures, atomic positions were optimized until forces did not exceed 0.01 eV Å −1 . Lattice parameters were then varied and the corresponding energy variations are fitted to quadratic forms as to obtain optimal lattice parameters for each system. At the optimal lattice parameters, atomic structures were finally re-optimized. Structure optimizations were performed using spin-paired calculations. For optimized structures, energetics and electronic structures were then evaluated using spin-polarized calculations with a ferromagnetic and an antiferromagnetic order (see section 3.4). we assign those magnetic phases to be the HT1 (17 K < T < 25 K) and the LT1 phase (17 K < T ).
Results and discussion
1
Pawley fits were performed to determine the magnetic k-vector. The HT1 phase can be well described using a single phase with symmetry Cmce, indicating k to be [0 0 0].
For the LT1 phase, it was found that the additional magnetic reflections cannot be described based on k = [0 0 0]. We therefore approached the determination of the magnetic k-vector by using Pawley fits with different subgroups of Cmce. Doing so, we observed that loss of C-centering is required (e.g. from the observation of the (1 0 1) reflection), e.g. the nuclear subgroups Pbnb (56) and Pmna (53) both can be used to obtain equally good description of the pattern. Loss of C-centering is consistent with a magnetic k-vector of [1 0 0].
In the next step, full Rietveld analysis was then performed on the patterns recorded at 3.04 K (for the LT1 phase) and 18.48 K (for the HT1 phase) using the nuclear structural model of lt-Mn 3 (VO 4 ) 2 as reported in ref. 4 , refining only the lattice parameters but not the structural parameters. A second lt-Mn 3 (VO 4 ) 2 phase was added with a reduced symmetry of P1 for which only the magnetic scattering was calculated and for which structural and lattice parameters were constrained to the nuclear structural model to ensure the maintenance of the higher nuclear symmetry of Cmce. However, this reduced symmetry allows for independent refinement of the magnetic moments of all the 12 Mn ions (Mn1 at 4a and Mn2 at 8e within Cmce) per unit cell. Different starting models for the initial orientation of the magnetic moments were tested and the resulting magnetic structures were analysed using the tools provided on the Bilbao Crystallographic Server. [24] [25] [26] [27] [28] [29] The best fit obtained for the two different patterns can be summarized as follows: HT1 phase. For the HT1 phase, we found the magnetic moments to point mainly along the a-axis. All Mn1 ions (4a) were found to show basically the same magnetic moment along the a-axis of ∼+3.6µ B , and all the Mn2 ions (8e) were found to show the same magnetic moment of ∼−2.5µ B pointing towards the opposite direction to the Mn1 ions along the a-axis. The principal assignment of magnetic moments to crystallographic Mn sites is depicted in Fig. 4a . The orientation of the magnetic moments can be brought in agreement with the magnetic space group Cmc′a′ (64.475), which is a maximal magnetic subgroup of Cmce with k = [0 0 0]. Further analysis shows that the magnetic moments of Mn2 which have been refined along the c-axis are very small (∼0.1µ B ) and must be considered to be basically zero since the standard deviation obtained for this value was usually 2-3 times as high as the value itself. Therefore, the magnetic moment along the c-axis was fixed to zero for all subsequent refinements using the magnetic space group Cmc′a′.
LT1 phase. For the LT1 phase, we found that the magnetic moments of the Mn1 ions (4a) were basically the same and pointed along the same direction along the a-axis. For the ions located on the Mn2 site (8e), one could easily identify two different "types" of ions (from now on referred to as Mn2a and Mn2b), for which the magnetic moments along the b-axis of identical magnitude point towards the opposite direction, and the magnetic moments along the a-axis are identical with respect to orientation and magnitude. The Mn2a/Mn2b alternate within the Mn2 channels of edge sharing MnO 6 octahedra along the a-axis. The magnetic moment along the c-axis again must be considered to be zero within errors for all ions. A schematic drawing of the magnetic structure of the LT1 phase is shown in Fig. 4b . Further analysis of the magnetic subgroups of Cmc′a′ with k = [1 0 0] showed that the structure can be well described within the magnetic space group Pmc′a′ (space group 55.357, see Fig. 3 ). Since Pmc′a′ is a direct magnetic subgroup of Cmc′a′, this is in agreement with the stepwise transition of the magnetic ordering/moments from the HT1 to the LT1 state (see later in this section). At this point, the reader should be aware that both Mn2a and Mn2b belong to the Wyckoff site 8i within Pmc′a′. The differentiation between those two ions is only made regarding that the magnetic vectors on all Mn2a point along the identical direction [m x2 , m y2 , 0], whereas all the magnetic moments on the Mn2b ions point along [m x 2, −m y 2, 0] (i.e. Mn2a and Mn2b do not belong to the same orbit within the space group Pmc′a′). This differentiation will however prove useful for the discussion of magnetic properties reported later in this article. Refined diffraction patterns of lt-Mn 3 (VO 4 ) 2 at 3.04 K (LT1), 18.48 K (HT1) and 39.9 K ( paramagnetic PM) using magnetic structural models as described above are depicted in Fig. 5 . At this point, we would like to point out that we also tried to refine the magnetic scattering using different magnetic space groups (e.g. other magnetic subgroups of Cmce with k = [0 0 0]) for the measurements at 3.04 and 18.48 K, but such structural models did not result in a proper description of intensities of the magnetic scattering, with R wp values significantly higher according to Hamilton's test. 30 We also performed a detailed analysis of the nuclear structures at different temperatures based on the refinement of the higher resolution D2B data. The nuclear structures can be well described within the space group Cmce without further lowering of symmetry. Interestingly, it can be seen from the values given in Table 1 that only very subtle structural changes of bond distances and angles can be observed on cooling the compound to temperatures below the magnetic ordering temperatures. Those changes mainly arise from the shift of the O1 and O2 ions, which mainly affects the bond angles ∢(Mn2-O1-Mn2) as well as ∢(Mn2-O2-Mn2), and causes a shrinkage of the bond distance d(Mn2-O2) and an increase of the bond distance d(Mn2-O1). In addition, the bond distance between Mn1 and Mn2 is found to decrease, whereas the bond distance between Mn2 and Mn2 remains rather constant (i.e. the small shift of Mn2 compensates for the decrease of cell volume on cooling for this distance). Morosan et al. already concluded that neutron diffraction would be a valuable tool to relate their observed properties to the magnetic and crystallographic structures. 1 This holds also true the other way around, since the magnetic structures reported here must obviously relate to the magnetic properties of the compounds. Such comparison to the previous studies will be made in the subsequent paragraphs. We will compare the structures reported here to the magnetic measurements at relatively low fields reported by Morosan et al., 1 since our measurements were performed without application of a magnetic field. The temperature dependence of the magnetic moments on the different Mn ions is shown in Fig. 6 . The resulting overall ferrimagnetic moments along the a-and the b-axes (the axes which were found to show magnetic moments for at least one of the magnetic phases) as well as the resulting total ferrimagnetic moment are depicted in Fig. 7 (the reader should be aware that no net magnetisation is allowed for Pmc′a′ along the b-axis from the site moments given in Fig. 3) . A schematic re-drawing of the magnetisation data reported by Morosan et al. recorded on a single crystal in different orientations is shown in Fig. 8 .
On a first note, a gradual transition from the lower symmetric LT1 phase to the higher symmetric HT1 phase is indicated from the refined moments depicted in Fig. 6 . Again, this gradual transition is in agreement with the transition from Pmc′a′ to Cmc′a′ being a second order phase transition. The determination of the magnitude of the resulting ferrimagnetic moment along the different crystallographic axes as well as in 1 who report that the magnetic easy axis must lie within the ac-plane: our findings agree in this respect, showing that the a-axis is the magnetically easy axis which carries the main magnetic moment for both the HT1 as well as the LT1 phase, and along which the magnetic moment can be easily flipped. The c-axis was shown to carry only a low magnetic moment by Morosan et al. 1 This agrees well with our findings which showed that the magnetisation along the c-axis must be considered to be close to zero with regards to what can be determined by neutron powder diffraction. Morosan et al. 1 described the b-axis as a magnetically hard axis and observed that the temperature dependent behaviour of the magnetisation along this axis is different compared to along the a-or the c-axis (compare upper figures of Fig. 8 ): on cooling, the magnetisation along the b-axis saturates in the existence range of the HT1 phase, and decreases in the existence range of the LT1 phase down to 2 K (with its absolute value being very small compared to what is found for the a-axis). This is in agreement with the strictly overall antiferromagnetic arrangement of the M y component of the Mn2 ions for the symmetry of the LT1 phase (also see Fig. 3 ). The loss in magnetic ordering along the The overall magnetisation along the b-axis is restricted to be zero from magnetic symmetry for both, the LT1 and the HT1 phase (see Fig. 3 ).
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This journal is © The Royal Society of Chemistry 2016 Compounds with a Kagomé staircase structure are well known for spin frustration within the Kagomé planes resulting from the triangular coordination situation of edge sharing MO 6 octahedra. It is therefore important to investigate the magnetic structures found for Mn 3 (VO 4 ) 2 with respect to the indication of such spin frustration. For the HT1 phase, the magnetic moment of Mn1 was found to be ∼3µ B just above the ordering temperature of the LT1 phase (18.48 K), whereas the overall magnetic moment of Mn2 was refined to be ∼2µ B and therefore significantly smaller. This lowering of the magnetic moment is not the result of e.g. a high-spin to low-spin transition, but therefore most likely results from spin frustration on this site. Therefore, in the existence range of the HT1 phase, it is very likely that the individual Mn2 ions carry an additional moment along the b-axis. However, this moment must be considered to be randomly oriented, resulting in fluctuating degrees of ferromagnetic and antiferromagnetic interactions along the b-axis for the HT1 phase. This existence of magnetic correlations is also well reflected in the appearance of an "amorphous bump" for the HT1 phase (see the isoline plot 32 shown in Fig. 9a ). This bump appears at angles where additional magnetic reflections with high intensity are found for the LT1 phase, and therefore indicates that local short range ordering of magnetic moments might still exist. It is therefore reasonable to assume that M y components of the magnetic moments also exist for the Mn2 ions of the LT1 phase, with orientations m y2 and −m y2 becoming likely similar. The magnetic transition to the LT1 phase releases spin frustra- tion, and the overall magnetic moments on the Mn1a + b as well as Mn2 ions for the LT1 phase become nearly identical and very close to a value of ∼4µ B at 3.04 K (also see Table 2 shown in section 3. 34 We therefore conclude that at least most of the spin frustration is released on the magnetic ordering shown by the LT1 phase, although some degree of spin frustration might even be maintained. A further explanation for the deviation from a higher value might be given by the fact that the magnetic moment determined by neutron diffraction is lowered from covalency of bonds to the ligands, and such covalent effects might be different for lt-Mn 3 (VO 4 ) 2 (see discussion of redox-induced superexchange interaction reported in section 3.4). Since L = 0 for Mn 2+ must be assumed for Mn 2+ in a high spin configuration (in agreement with what was found by DFT calculations reported later in this article), a potential orbital contribution to the magnetic moment can be regarded as less plausible. The "amorphous magnetic bump" persists for temperatures above 25 K (i.e. in the paramagnetic state), but disappears when increasing the temperature significantly further (see Fig. 9b ). This observation evidences the presence of short range magnetic interactions persisting well above the HT1 phase transition temperature.
Ni 3 (VO 4 ) 2 was reported to show a magnetically driven ferroelectric order at lower temperatures. 13 However, the structural analysis reported here suggests that the magnetic phase transitions found for Mn 3 (VO 4 ) 2 do not break the spatial inversion symmetry for this compound, ruling out the possibility for multiferroic properties. Both magnetic space groups Pmc′a′ as well as Cmc′a′ exhibit the magnetic point group mm′m′ and thus prohibit the appearance of a linear magnetoelectric effect. 35 The magnetic structures reported here also show that the transition from the HT1 to the LT1 phase does not result from "the ordering of the spins on one or both of the distinct Mn Excerpts of the magnetic structures of the LT1 and the HT1 phase are shown in Fig. 10 . Since local (but not overall) ordering of moments within the b-plane is still likely in the HT1 phase (see discussion before), exchange interaction pathways will be discussed based on the magnetic structural data of the LT1 phase determined at 3.08 K. An overview of relevant bond angles and distances determined by analysis of the D2B data is already given in Table 1 Tables 2 and 3 respectively. As already discussed above, the Kagomé staircase structure usually gives rise to spin frustration between edge sharing Mn octahedra within the Kagomé planes due to the triangular interaction situation, and this magnetic frustration is mainly released on a transition from the HT1 to the LT1 phase. To understand the magnetic structure of the LT1 phase of lt-Mn 3 (VO 4 ) 2 , it is therefore necessary to consider potential magnetic superexchange interactions for edge sharing octahedra between two d 5 high spin cations: 36, 37 1. Direct interactions between d 5 high spin cations result in antiferromagnetic alignment of the magnetic moments. 2. Superexchange promoted via an oxygen p-orbital for a 90°bond angle which forms a p σ bond to one Mn ion and a p π bond to the other one is antiferromagnetic.
3. Superexchange promoted via two different oxygen p-orbitals for a 90°bond angle which form two p σ bonds to the Mn ions is ferromagnetic and weak (double excitation required).
4. Superexchange promoted via an oxygen p-orbital for a bond angle approaching 180°, which forms two p σ bonds to the Mn ions is antiferromagnetic and very strong. This situation could only be approached for strongly distorted octahedra and must be considered to be of subordinate importance for lt-Mn 3 (VO 4 ) 2 .
Considering these possible exchange interactions, antiferromagnetic alignment seems to be the most favourable interaction for Mn 2+ within the Kagomé planes. The angles between the magnetic vectors of the different Mn ions Mn1a/b and Mn2a/b are all larger than 90°(see Tables 2 and 3) , which is consistent with such antiferromagnetic interactions. The magnetic structure found for the LT1 phase of lt-Mn 3 (VO 4 ) 2 is therefore favourable by facilitating mainly antiferromagnetic interactions between the neighbouring ions according to the superexchange interactions 1 and 2. In particular the angles found between the magnetic vectors of Mn1a/b to Mn2a and Mn2b are relatively high (128°, compare Table 2 to Table 3 ), highlighting those antiferromagnetic interactions. The angle between the magnetic vectors of Mn2a and Mn2b is lower (104°, again compare Table 2 to Table 3 ), but still above 90°. Although this interaction should therefore be considered to be of mainly antiferromagnetic nature, it shows the highest ferromagnetic contribution. This could possibly be explained from the subtle changes of the crystallographic structure (reported in Table 1 ) as follows: the Mn2a-Mn2b distance is larger by about 0.03 Å than for the Mn1a/b-Mn2a/b distance which might result in reduced direct antiferromagnetic interactions between Mn2a and Mn2b. In addition, the Mn1a/b-Mn2/ab distance decreases strongly when cooling down to low temperatures (see Table 1 ), again facilitating antiferromagnetic exchange between those sites. In addition, the bond angle ∢(Mn2a-O1-Mn2b) decreases by ∼1°on cooling, approaching a value of 90°. Such an angle closer to 90°is favourable for the ferromagnetic superexchange interaction (no. 3) between Mn2a and Mn2b. Again this is well supported by the fact that This article is licensed under a Creative Commons Attribution 3.0 Unported Licence. the alignment of the magnetic moments between those ions shows the lowest antiferromagnetic character (see Tables 2 and 3 ). . From them, mainly antiferromagnetic alignment would have to be expected for all the three compounds (see Fig. 12 ). Therefore, we think that such M-O-O-M superexchange interactions do not serve well to explain the ferromagnetic arrangement of spins between the adjacent Kagomé layers found for the HT1 phase of Mn 3 (VO 4 ) 2 (and also partially for Co 3 (VO 4 ) 2 ).
Comparison
In this respect, a different type than the M-O-O-M type of superexchange interaction might play a crucial role for Mn 3 (VO 4 ) 2 (and to some degree also for Co 3 (VO 4 ) 2 ), which might also be reflected by the fact that ordering between the adjacent Kagomé type layers arises at significantly different temperatures for the three different compounds (see Table 4 ). Angles between magnetic vectors ∢ðMðMn1Þ ÀMðMn2ÞÞ 180°∢ ðMðMn2Þ ÀMðMn2ÞÞ 0°a
The value of M z′ was fixed to zero on refinement. The value of M z′ was fixed to zero on refinement. As explained before, Mn2a and Mn2b do not represent two independent crystallographic sites, but only represent two different orientations found for magnetic moments of the Mn2 site
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This Such a difference is also found for the compounds SrM 2 (VO 4 ) 2 (M = Mn, Co). 38 The ordering starts to occur at far higher temperatures for the Mn containing compounds, and is very similar between the Co and Ni containing compounds. It is also worth noting that the magnetic ordering temperature is significantly higher for ht-Mn 3 (VO 4 ) 2 , for which a 3D-network of interconnected Mn 2+ coordination polyhedra can be found. 41 were also aware of the importance of the vanadium d-levels for magnetic interactions in KMnVO 4 ( perovskite type compound), for which basically mainly antiferromagnetic interactions have been determined, but one of the four Mn 2+ remained in a disordered state down to a temperature of 2 K. In the following, we will expand on these considerations using a qualitative structure-chemical approach, and will provide a model of a virtual state for superexchange interactions mediated by V 5+ which could be used to explain ferromagnetic alignment between the adjacent Kagomé layers found for Mn 3 (VO 4 ) 2 . We will call this type of interaction redox-mediated M-M′(d 0 -)-M superexchange, and
give a detailed discussion on how it is facilitated and promoted for the very distinct type of structural arrangement found for lt-Mn 3 (VO 4 ) 2 . We will also discuss why it should be less expressed for the respective Co and Ni containing compounds. In this respect, the reader will have to be provided with some background knowledge about the chemistry of the different M 2+ systems with respect to their interaction potentials to V 5+ .
Clemens et al. already observed in an earlier publication that redox instabilities can arise between Mn 2+ and V 5+ depending on the initial ratio chosen between MnO and V 2 O 5 when trying to prepare MnO*V 2 O 5 compounds. 42 In their case, a reaction with the formation of reaction products according to magnitude. 47 This increase of conductivity was explained via Table 5 summarizes the results obtained for the DFT calculations on the different systems. For Co and Ni, it was found that the AFM ordering seems to be favourable for those compounds, with a small energy difference compared to the FM model. In contrast, we found that for Mn 3 (VO 4 ) 2 , the ferromagnetic alignment of the layers gives a significant reduction of total energy, well agreeing with the magnetic structure found experimentally. On a further note, lattice parameters reasonably agree with what is observed experimentally.
It is a well-known phenomenon that energy corrections for the transition metal d-states need to be applied on such systems. 23, 48, 49 Indeed, unreasonable densities of states with metallic properties were obtained without compensating for the effects of self-interaction. The energies used for the +U correction are listed in Table 5 and were chosen in relation to chemically similar compounds. 48 Fig. 14 Apart from the energetic similarity of orbital states, a reasonable orbital interaction pathway must be present to facilitate a superexchange interaction (which would translate to sort of a good overlap integral of the different atoms). There- fore, we will now discuss structural pathways with potential orbital overlap along which such ferromagnetic ordering interactions could arise within lt-Mn 3 (VO 4 ) 2 . The following discussion will help to explain the ferromagnetic interactions found between the Mn2a and Mn2b ions for the LT1 phase, however, the reader should be aware that those considerations also hold true without any restriction for the magnetic structure of the HT1 phase (for which Mn2a and Mn2b are further combined to a single magnetic site). The detailed structural situation found between the adjacent Kagomé layers in the LT1 phase of lt-Mn 3 (VO 4 ) 2 is depicted in Fig. 15a . At this point, the reader is reminded that for the HT1 phase, the bright and dark blue octahedra combine to a single site which is ferromagnetically aligned between the adjacent Kagomé layers. First we note that Mn1a/b cations of one Kagomé layer are not bridged via VO 4 tetrahedra to Mn1a/b cations of the adjacent layer. Therefore, the Mn1a/b ions are likely to play a subordinate role for this redox mediated exchange interaction, and we will only consider the Mn2a/b cations in the following discussion. This is further supported by considering the partial density of states as shown in Fig. 14a , which shows that the d-orbital energies of Mn2 lie closer to the empty d-states of vanadium than the dorbitals of Mn1, especially when comparing the spin up with the spin down states. Regarding the magnetic structure reported in the previous section, it is also clear that only ferromagnetic superexchange interactions appear to be dominant for the Mn2 ions of the HT1 phase of two adjacent Kagomé layers as soon as ordering between the adjacent Kagomé layers arises (the splitting to Mn2a and Mn2b sites is only observed when reducing the temperature further below ∼15 K). For the LT1 phase, it is furthermore worth noting that the vectors connecting the Mn2a (or alternatively Mn2b) ions with the oxygen ions of the vanadium tetrahedron form a nearly orthogonal coordinate system (arrows drawn in Fig. 15b) for the LT1 phase.
To find stereochemically reasonable orbital interaction pathways, it is important to consider the orientations of the different orbitals of Mn 2+ and V 5+ . For octahedral coordination, the low energy t 2g (d xy , d yz , d xz ) orbitals point towards the edges of the octahedron, whereas the high energy e g (d z 2, d x 2 −y 2) orbitals point towards the corners of the octahedron. For tetrahedrally coordinated vanadium, it is helpful to imagine a cube around the tetrahedron for the visualization of the orientation of the respective orbitals (see Fig. 15a and b) . Within this cube, the high energy t 2 orbitals point towards the edges of the cube (different t 2 orbitals are indicated by the use of different colours for the edges in Fig. 15a and b) , whereas the low energy e orbitals point towards the faces of the cube. One can now imagine two types of interaction pathways (indirect and direct), both of which can be used to explain the ferromagnetic alignment found between the Mn2a or the Mn2b ions.
-Indirect: superexchange could arise between the e g orbitals of Mn2a/b, for which the electrons would have to be mediated via the p-orbitals of the oxygen ligands to be transferred to the t 2 orbitals of V 5+ (see Fig. 16 ). From geometric considerations, one can easily see that the three different Mn2a/b ions connected to V 5+ (see Fig. 15b place it is important that the e g orbitals of Mn 2+ as well as the t 2 orbitals of V 5+ as well as the p orbitals of O 2− do not differ too much in energy, and this assumption is well supported by our observations and DFT based calculations described above. We consider this to be the most likely interaction pathway for lt-Mn 3 (VO 4 ) 2 .
-Direct: additionally, one could also imagine a sort of direct interaction between the Mn 2+ and the V 5+ ions. Geometrically, this direct interaction cannot be mediated via the e g orbitals of Mn 2+ , since they are shielded by the oxide ions.
Regarding the sketch shown in Fig. 15c , it can be seen that the edges of the octahedron (i.e. the place where the t 2g orbitals of Mn 2+ point at) as well as the edges of the cube (i.e. the place where the t 2 orbitals of V 5+ point at) are relatively close to each other (distances of the centres of the edges around 1.1 ± 0.07 Å). The Mn 2+ shows an approximate distance of ∼1.50 Å to the centre of the edge of the octahedron, and the distance of the V 5+ ion to one edge of the cube is approximately 1.4 Å.
This sums up to an interaction length of 4 Å, which seems quite large and most likely renders the direct pathway to a lower importance, but is only ∼0.5 Å longer than the straight line connecting the Mn 2+ and the V 5+ ions via the O 2− anions.
Apart from the considerations of the relative energy levels of the M 2+ ions as discussed above, it is also evident that the strength of such a direct redox-mediated M-M′(d 0 )-M superexchange would have to be different due to the different occupation of the t 2g levels of Mn 2+ , Co 2+ , and Ni 2+ (see Fig. 11 ).
Since the t 2g levels of Ni 2+ are fully occupied, such a superexchange interaction would be basically forbidden, whereas for Co 2+ it would be partially allowed. Since the other ligands of the MO 6 octahedra connect to different adjacent Kagomé layers, ferromagnetic interactions could not be mediated to both adjacent layers, and this might give an additional increment to the explanations of the incommensurability along b for Co 3 (VO 4 ) 2 as given by Chen et al. 31 
Conclusions
We have shown that magnetic ordering of the low temperature modification of Mn 3 (VO 4 ) 2 results in two magnetic phase transitions at low temperatures. On cooling below ∼25 K, an antiferromagnetic order occurs between the magnetic moments on the Mn1 and Mn2 sites along the a-axis (HT1 phase, Cmc′a′), and this phase shows a high degree of spin frustration for the Mn2 site. Further cooling below ∼17 K results in an ordering of the magnetic moments along the b-axis for the Mn2 ions, resulting in a release of spin frustration (LT1 phase, Pmc′a′). Short range ordering of magnetic moments along the b-plane can also be inferred for the HT1 phase. The magnetic structures reported here agree well with the findings of Morosan et al. 
